Background Current estimates for the direct costs of a single episode of care for periprosthetic joint infection (PJI) after THA are approximately USD 100,000. These estimates do not account for the costs of failed treatments and do not include indirect costs such as lost wages. Questions/purposes The goal of this study was to estimate the long-term economic effect to society (direct and indirect costs) of a PJI after THA treated with contemporary standards of care in a hypothetical patient of working age (three scenarios, age 55, 60, and 65 years). Methods We created a state-transition Markov model with health states defined by surgical treatment options including irrigation and débridement with modular exchange, single-stage revision, and two-stage revision. Reoperation rates attributable to septic and aseptic failure modes and indirect and direct costs were calculated estimates garnered via multiple systematic reviews of peerreviewed orthopaedic and infectious disease journals and Medicare reimbursement data. We conducted an analysis over a hypothetical patient's lifetime from the societal perspective with costs discounted by 3% annually. We conducted sensitivity analysis to delineate the effects of uncertainty attributable to input variables. Results The model found a base case cost of USD 390,806 per 65-year-old patient with an infected THA. One-way sensitivity analysis gives a range of USD 389,307 (65-year-old with a 3% reinfection rate) and USD 474,004 (55-year-old with a 12% reinfection rate). Indirect costs such as lost wages make up a considerable portion of the costs and increase considerably as age at the time of infection decreases. Conclusions The results of this study show that the overall treatment of a periprosthetic infection after a THA is markedly more expensive to society than previously estimated when accounting for the considerable failure rates of current treatment options and including indirect costs. These overall costs, combined with a large projected increase in THAs and a steady state of septic failures, should be taken into account when considering the total cost of THA. Further research is needed to adequately compare the clinical and economic effectiveness of alternative treatment pathways. Level of Evidence Level II, economic and decision analysis.
Introduction
When a THA is unsuccessful, the costs to the patient and to society are great [16, 18, 22, 42, 53] . Revision THAs generally are much more complicated, involving longer operative times, greater bone and blood loss, longer hospitalization, and are performed on patients who generally are older and have more medical comorbidities [15, 16] . When a revision arthroplasty is performed for aseptic Each author certifies that he, or a member of his immediate family, has no funding or commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research 1 editors and board members are on file with the publication and can be viewed on request.
failure, it often can be completed with one additional surgical procedure and hospitalization. However, when a THA fails owing to a periprosthetic joint infection (PJI), even if revision surgery can be limited to a single surgical procedure such as an irrigation and débridement or a single-stage exchange, the revision surgery and subsequent treatments are associated with extremely high direct medical costs consisting of long-term antibiotic treatment, multiple physician appointments, extended inpatient stays, increased physical therapy, and rehabilitation hospital admissions [4, 17, 21, 23, 30, 37, 41, 49, 53-57, 60, 63, 72, 80, 84, 85, 92, 98] . Moreover, the indirect costs such as time lost from work and a negative effect on quality of life and emotional wellbeing are considerable [13] . Because more THAs are being performed on younger patients, particularly those of working age, these indirect costs for septic failures become magnified.
The current estimate for the direct episodic cost of a two-stage revision THA for periprosthetic infection is USD 100,000 [18, 58, 59] . This is approximately four times the cost of a primary THA, estimated to be approximately USD 21,470 [18] . To our knowledge, the longer-term economic implications of PJIs after THA have not been assessed. Previous studies have evaluated direct costs of a single episode of care (ie, the direct costs of a two-stage revision or of an irrigation and débridement), but have not been able to evaluate longer-term costs [16, 18, 34, 40, 41, 53, 59] . Some of these studies also do not consider that current treatments for a PJI after THA are not 100% effective; even the gold standard, two-stage revision, has only a 70% to 90% likelihood of achieving infection control [1, 5] . Indirect costs associated with multiple surgical procedures such as lost wages also have not been evaluated. Although one decision analysis found single-exchange arthroplasty favorable to a two-staged approach regarding mortality rates and patient outcomes, it did not address any costs associated with these treatments [98] .
The goal of our study was to estimate the long-term economic effect to society (direct and indirect costs) of a PJI after THA treated with contemporary standards of care in a hypothetical patient of working age (three scenarios, age 55, 60, and 65 years).
Materials and Methods
TreeAge Pro 2009 (TreeAge Software, Williamstown, MA, USA) was used to create a Markov state-transition model of a hypothetical patient of working age with a PJI after a THA who was undergoing treatment with three possible surgical strategies including irrigation and débridement, single-stage exchange, or two-stage exchange (Fig. 1) . The process models patients' discrete and mutually exclusive health states at different times along with any associated health costs and/or earnings. The algorithm accounts for a fixed percentage of patients undergoing one of these three initial treatments based on available studies of current practices (Table 1) [30, 57, 60, 63, 84] . Defined and unique rates for treatment failures (septic and aseptic) and agespecific mortality rates during the first year and then subsequent years are used to predict transitions between different health states ( Table 1) . Patients who are modeled as having a successful treatment enter a well state with a fixed annual rate of repeat septic failure beyond the first year. Patients for whom treatment failed owing to sepsis will undergo a second procedure (two-stage exchange). This model accommodates for any patient to have two revisions where fixed components are removed and the hip subsequently is reconstructed (ie, one irrigation and débridement followed by two two-stage exchanges, one single-stage and one two-stage, or two two-stage exchanges). Should a patient experience two failed fixed component exchanges, the model assumes that the patient will not undergo further surgery, but will enter a nonworking, suboptimal health state. Patients with failure owing to aseptic modes (ie, loosening or dislocation) are modeled to undergo revision surgery for aseptic failure with specific and unique revision rates and costs for aseptic revisions. The model also accounts for incidence and cost estimates associated with common perioperative medical complications such as pulmonary embolism, deep venous thrombosis, and myocardial infarction [2, 8, 14, 27, 44, 51, 62, 66, 69, 70, 77, 78, 88, 89] .
Each health state is assigned a net cost for one analytic cycle (defined as 1 year), and transition probabilities determine the likelihood that a patient will either transition to the next health state or remain in the current one. The base case models patients at 65, 60, and 55 years old at the time of the initial revision procedure to estimate a typical patient of working age who might elect to have a THA. The simulation runs until all patients have died (based on US life expectancy data tables and systematic review) [3, 8, 27, 62, 65, 66, 69, 70, 77, 78, 88, 89] . We conducted one-way sensitivity analysis to determine how cost estimates would be affected by different rates of THA reinfection (during the first year of treatment and beyond the first year) based on the variability in published studies.
The health state transitions, probabilities and associated direct costs, and medical complication rates and costs were estimated via a systematic review of the literature performed in November and December 2016 via PubMed for: (1) outcomes and failure rates for septic THA treatments: irrigation and débridement (Table 2) , single-stage revision (Table 3) ; and two-stage revision (Table 4) ; (2) direct medical costs for revision THA attributable to PJI; (3) failure rates and costs for aseptic revision THA; (4) perioperative complication rates and costs after septic and aseptic revision THA; and, (5) postdischarge costs after Weighted annual reinfection rate 30.1%; * rate stated explicitly in study; packed red blood cell transfusion rate; NM = not mentioned. Weighted annual reinfection rate 9.8%; * rate stated explicitly in study; NM = not mentioned.
revision THA. The search terms ''periprosthetic joint infection and total hip arthroplasty'' OR ''periprosthetic joint infection and total hip arthroplasty and cost'' OR ''revision total hip arthroplasty and aseptic'' OR ''revision total hip arthroplasty and complications'' OR ''revision total hip arthroplasty and complications and cost'' OR ''total joint arthroplasty and post discharge costs'' yielded 1041 separate articles, 937 of which were excluded because they did not pertain to the specific diagnosis or treatments of interest, the study included less than 15 patients, the study had a mean followup less than 2 years, or was a duplication. Bibliographies of selected articles subsequently were hand-searched to ensure the inclusion of all pertinent studies [4, 5, . Costs for surgery and nonsurgical complications for each procedure were accounted for, and nonsurgical costs related to outpatient treatments and followup care for the first year and beyond were considered (Table 5) [17, 18, 53, 59, 76, 80, 85] . Indirect costs in the form of lost wages were calculated using an assumption of 3 months out of work per surgical intervention for the average US worker until age 70 [93] . We estimated indirect costs by multiplying the US gross domestic product per capita by the proportion of the year spent recovering [93] . We ignored indirect costs after age 70 years because we Weighted annual reinfection rate 4.27%; NM = not mentioned. assumed that patients had retired. The annual costs for patient monitoring, including physician visit and radiographs, were obtained via systematic review and estimated using the Medicare Physician Fee Schedule [29] . The outcome of interest was the sum of direct medical costs and indirect costs in the form of lost wages. All costs were discounted by 3% annually [93] . Our analysis conformed to the guidelines reported by Weinstein et al. [97] .
Results
Based on the input parameters of this model, the overall lifetime cost of treatment of a septic THA is USD 390,806 per patient aged 65 years with an infected THA. One-way sensitivity analysis (Table 6) showed that as infection rates increase, even by small increments in percentage, the overall cost increases accordingly. In patients at age 65 years, a 3% reinfection rate had a modeled cost of USD 389,307, whereas a 12% reinfection rate had a modeled cost of USD 412,091. Indirect costs such as lost wages made up an increasingly considerable portion of the costs as the age of patients decreased. At the base infection rate of 4.27%, the modeled cost of a 65-year-old individual undergoing revision was USD 390,806. When decreasing the age by 5 years to 60 years (ie, 5 more years of income potential), this increases to USD 415,183, and when 55 years, this increases further to USD 441,986 (Table 6 ).
Discussion
Numerous studies have shown that the direct costs of treating a PJI after THA are shockingly high, with current cost estimates for two-stage revision arthroplasty exceeding USD 100,000, or approximately four times as much as a primary THA [18, 53, 59, 76, 85] . The current study shows that these previous estimates are relatively low because they do not account for the high failure rate of current treatments nor do they account for indirect costs. Even with a relatively low reinfection rate of 3% (lower than most published rates of failure for irrigation and débridement, single-stage, or two-stage revision), the overall costs are modeled to approach just less than USD 400,000, approximately four times previous estimates for a two-stage revision, and greater than seven times the published costs of an irrigation and débridement or a singlestage exchange [53, 76, 80] . When factoring in costs such as lost productivity, the costs become even higher. Modeled costs of a 55-year-old hypothetical patient who requires two-stage revision arthroplasty increase to almost half a million USD.
Our study has several limitations. The model was kept relatively simple with only 11 distinct, mutually exclusive health states. The idea that a patient would transition neatly from a state of infection to well after revision, reinfection, or death is an oversimplification that does not take into account the many other health states, such as noninfected but painful revision, or failure for other reasons such as aseptic loosening or periprosthetic fracture. Additionally, the analytic cycle timing was arbitrarily set for 1 year which is per convention, but may be an oversimplification with many reinfections occurring sooner than 1 year. Another arbitrary cutoff was the assumption that all patients would be retired by the age of 70 years. While average retirement ages have varied over the years, the most recent normal retirement age set by Social Security was 67 years. Finally, while the three most common treatments of septic THA were included in the model and every attempt was made to incorporate the typical treatment patterns and expected reinfection rates based on published studies, the model does not distinguish between an acute infection or chronic infection, nor does it take into account important variables such as type of organism, timing of symptoms, surgical approach, or other possible treatments such as resection arthroplasty, amputation, or long-term antibiotic suppression. Although it would be ideal to model each possible failure scenario with its prevalence and associated costs, the sheer complexity of the nearly infinite permutations makes it difficult to achieve this successfully. However, although our inability to model every possible health state, including every possible medical complication, may be a weakness of the study, we attempted to capture the most-common clinical scenarios with the sensitivity analysis serving to limit uncertainty attributable to these limitations. Another major limitation of this study is that it does not directly compare the cost of different treatments available. While the majority of US studies quotes a two-stage revision as the gold standard for treatment, there is an increasing number of studies supporting single-stage revision owing to decreased morbidity and cost, and increased function and outcome in terms of quality-adjusted-lifeyears [50, 52, 53, 94, 98] . Although a true cost comparison would be helpful to payers and perhaps clinicians, we thought it was not possible to do a commensurate analysis given the relatively little amount of cost data available regarding single-stage exchange arthroplasty [53, 76] . We were able to find only two studies that adequately provided direct costs of a single-stage exchange, and those sources actually found single-stage exchange costs to be less than those for irrigation and débridement [53, 76] . Additionally, while single-stage exchange is increasingly used, we found that it is used only approximately 10% of the time as the initial treatment strategy for PJI [30, 56, 60, 63, 84] . Moreover, the use of single-stage exchange often is predicated on the susceptibility of the infection organism, a factor that we chose not to incorporate in this model. A direct cost comparison of single-and two-stage exchange would not be accurately represented by this model [50, 57, 60] .
Because the precise estimation of the true cost in healthcare is difficult, the cost estimates in many models such as this one are limited. Direct costs of hospitalization and medical complications were estimated from published studies and garnered from Medicare data, and indirect costs were based solely on lost productivity from work [18, 28, 29, 53, 59, 66, 76, 80, 85, 93] . Other posthospitalization costs such as outpatient physical therapy were not accounted for, nor was lost productivity of loved ones taking care of patients who had undergone treatment.
This model illustrates the substantial costs of revision THA for septic failure and the economic implications of these costs on the individual and society. The majority of previously published cost estimates accounted for only direct hospital charges [18, 53, 59, 76, 80, 85] , and few included posthospitalization costs and indirect costs such as lost productivity. Although it is known that revision THA for PJI is extremely expensive, this model estimates that even in the base case scenario, with relatively low treatment failure rates, the cost is at least three times as much as previously estimated. Fisman et al. [41] , and Wolf et al. [98] found that less-invasive (and still less-effective) irrigation and débridement and single-stage exchange were more cost-effective in terms of overall quality of life years compared with two-stage revision, however further studies are needed to clarify overall clinical and economic outcomes of single-versus two-stage exchange. A multicenter, randomized clinical trial is necessary to compare the two treatments, and clarification of hospital costs (not charges) and outpatient costs is needed to more precisely estimate true costs of this increasingly profound problem. Our study puts into perspective how profound an economic problem PJI after THA continues to be, and highlights the need for policymakers and researchers to combine forces to do the necessary research to accurately determine which treatments are most effective clinically and economically.
